Land-use change is among the top drivers of global biodiversity loss, which impacts the arrangement and distribution of suitable habitat for species. Population-level effects include increased isolation, decreased population size, and changes to mutualistic and antagonistic interactions. However, the extent to which species are impacted is determined by life history characteristics including dispersal. In plants, mating dynamics can be changed in ways that can negatively impact population persistence if dispersal of pollen and/or seed is disrupted. Long-distance dispersal has the potential to buffer species from the negative impacts of land-use change. Biotic vectors of long-distance dispersal have been less frequently studied, though specific taxa are known to travel great distances. Here, we describe population genetic diversity and structure in a sphingophilous species that is experiencing habitat fragmentation through land-use change, Oenothera harringtonii W. L. Wagner, Stockh. & W. M. Klein (Onagraceae). We use 12 nuclear and four plastid microsatellite markers and show that pollen dispersal by hawkmoths drives high gene flow and low population differentiation despite a range-wide gradient of land-use change and habitat fragmentation. By separating the contributions of pollen and seed dispersal to gene flow, we show that most of the genetic parameters are driven by hawkmothfacilitated long-distance pollen dispersal, but populations with small, effective population sizes experience higher levels of relatedness and inbreeding. We discuss considerations for conservation efforts for this and other species that are pollinated by long-distance dispersers.
Land-use change and habitat fragmentation remain important drivers of biodiversity loss globally (Sala et al., 2000; Fischer & Lindenmayer, 2007; Haddad et al., 2015) . Affected populations are known to experience reductions in population size and extent as well as increases in isolation and edge effects (Fahrig, 2003; Fischer & Lindenmayer, 2007) , which can impact population connectivity (Hadley & Betts, 2009 ) and long-term population dynamics (Aguilar et al., 2006; Gonzalez et al., 2011; Brudvig et al., 2015; Haddad et al., 2015) . When reductions in population size and increased isolation act in concert, mating patterns can be altered in ways that impact long-term population persistence (Ghazoul, 2005; Aguilar et al., 2006; Sork & Smouse, 2006; Breed et al., 2012 Breed et al., , 2015 . The extent to which species are impacted by land-use change depends on traits related to establishment (Leishman, 1999; Benson & Hartnett, 2006) , persistence, and dispersal (Cordeiro & Howe, 2003; Ashworth et al., 2004; Kremen et al., 2007; Winfree et al., 2011) . In flowering plants, connectivity is commonly facilitated via interactions with other organisms, such as pollination and seed dispersal (Jordano, 2010) . Such interactions may be altered if any of the constituent players are affected by land-use change, which has consequences for plant mating dynamics and population persistence (Aguilar et al., 2006; Biesmeijer et al., 2006; Jordano, 2010; Potts et al., 2010; Magrach et al., 2014; Scheper et al., 2014; Breed et al., 2015; Emer et al., 2018) .
It has been well established that mating patterns play an important role in the magnitude and distribution of genetic diversity (Jordano, 2010; Karron et al., 2012; Barrett & Crowson, 2016; Whitehead et al., 2018) . For biotically pollinated species, pollinators not only facilitate the fertilization of ovules, from their movement patterns they help determine the paternity, quality, and future competitive ability of seedlings resulting from their floral visits. Land-use change can alter the abundance, movement, and foraging behavior of pollinators (Kremen et al., 2007; Hadley & Betts, 2009; Schleuning et al., 2011; Winfree et al., 2011; Breed et al., 2012; Lander et al., 2013) , which can change the mating patterns of the flowers visited (Aguilar et al., 2008; Eckert et al., 2010; Breed et al., 2015) . Long-distance dispersal can mediate many of the impacts of fragmentation by maintaining population connectivity, gene flow, and recruitment in otherwise heterogeneous habitats (Damschen et al., 2008; Finger et al., 2014; Millar et al., 2014; Guidugli et al., 2016; Skogen et al., 2016) . Pollen and seed dispersal has been documented over meters to kilometers in some systems (Sezen et al., 2005 (Sezen et al., , 2009 Bacles, 2006; Ashley, 2010; Kramer et al., 2011) , but the focus to date has been on wind pollination and biotic pollination in generalized pollination systems and in forest ecosystems . However, species with specialized, biotic pollination systems may be more vulnerable to the impacts of land-use change (Kremen et al., 2007; Aizen et al., 2012; Weiner et al., 2014) . The evaluation of both pollen and seed dispersal can help identify whether impacts may be dependent on the dispersal vectors involved, especially for taxa with different vectors of pollen and seed dispersal (Jordano, 2010) .
Sphingophyly, or pollination involving hawkmoths (Sphingidae, Lepidoptera), is one such specialized pollination system (Johnson & Steiner, 2000) . Hawkmoths are expected to transport pollen over long distances (Stockhouse, 1973; Linhart & Mendenhall, 1977; Haber & Frankie, 1989; Bawa, 1990 ) and, therefore, may help mitigate the negative impacts of land-use change on the taxa they pollinate . However, nocturnal pollination has received less attention than has diurnal pollination, and moth pollination remains understudied despite its importance for many plant species globally (Philipp et al., 2006; Devoto et al., 2011; Winfree et al., 2011; Macgregor et al., 2014) . Declines in moths at local and regional scales are suspected to have resulted from anthropogenic factors including artificial light pollution and the loss of larval hosts associated with land-use change (Goldstein, 2010; Wagner, 2012; Fox, 2013; Fox et al., 2014; Macgregor et al., 2014; Knop et al., 2017; Hopkins et al., 2018) . Such threats may limit the extent to which plant species pollinated by long-distance flyers such as hawkmoths may be buffered from land-use change.
Comparisons of long-distance dispersal and land-use change are limited in plants, with much of the literature focused on the standing genetic diversity of long-lived perennials, and trees in particular (Ashley, 2010; Buschbom et al., 2011; Robledo-Arnuncio, 2011; Leonarduzzi et al., 2012; Gerber et al., 2014) . However, the generation times of long-lived species may mask the realized contemporary impacts of land-use change and habitat fragmentation (Petit & Hampe, 2006; Bacles & Jump, 2011; Lowe et al., 2015) . As the factors that impact patterns of genetic diversity may occur more rapidly in taxa with shorter generation times (Sork et al., 1999) , more studies are needed that assess the genetic impact of land-use change on short-lived herbaceous plant species. Temporal fluctuations in population size (bottlenecks) are common in many annual and shortlived taxa. However, land-use change may limit the ability of populations to achieve sizes relative to otherwise natural conditions. Such limitations can have pronounced impacts on mating and subsequent genetic diversity and structure (Young et al., 1996; Breed et al., 2015) . Nevertheless, most studies include a limited number of populations and rely on single year assessments of population sizes (Whitehead et al., 2018) .
A comprehensive assessment of the processes impacted by land-use change is needed to better understand the drivers of change in contemporary systems and to develop more effective conservation strategies. Here we explore the genetic consequences of land-use change on the plant species Oenothera harringtonii W. L. Wagner, Stockh. & W. M. Klein (Onagraceae) , which is primarily pollinated by long-distance flyers (Hyles lineata [Fabricius], hawkmoths; Skogen et al., 2016; Rhodes et al., 2017) and has gravity-dispersed seeds (Wagner et al., 1985) . As an annual, O. harringtonii allows for increased resolution of the impacts of landuse change and habitat fragmentation on genetic diversity. As an endemic species, O. harringtonii has a small range, making it feasible to study numerous populations across the entire range, which has experienced differing degrees of land-use change intensity. Previous work in this system indicates that land-use change has no detectable impact on pollination by hawkmoths ; however, explicit measures of plant mating events require a genetic approach (Aguilar et al., 2008; Ashley, 2010) . Using nuclear and plastid microsatellites, we explicitly isolate the roles of long-distance (pollen) versus short-distance (seed) dispersal on genetic diversity. We compared patterns of gene flow (primarily pollen movement), genetic diversity, and population differentiation of 21 populations of O. harringtonii using 12 nuclear (seed and pollen dispersal) and four plastid microsatellite markers (seed dispersal, maternally inherited) to test the following hypotheses: (1) there is no detectable genetic differentiation due to high gene flow facilitated by long-distance dispersal of pollen by hawkmoths, and (2) land-use change will result in smaller effective population sizes, which will lead to a loss of genetic diversity and increased relatedness and inbreeding.
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METHODS

STUDY SYSTEM
Oenothera harringtonii (Onagraceae) is a selfincompatible annual to semi-perennial herbaceous plant, which is endemic to the shortgrass prairies of south-central and southeastern Colorado and adjacent northwestern New Mexico, United States (Fig. 1A) . The flowers of O. harringtonii exhibit classic hawkmoth pollination features including large, white corollas, long floral tubes with copious nectar, fragrance (Gregory, 1963 (Gregory, , 1964 Faegri & van der Pijl, 1966; Fenster et al., 2004) , and flowers that open at dusk and wilt the following day, remaining open for 14 to 18 hours. Plants flower for four to six weeks in spring, and individual plants typically produce one to 10 flowers per night. Hawkmoths (Hyles lineata in particular) are the primary pollinators in this system, although solitary bees also visit in early evening and morning hours . Paternity analyses have shown that hawkmoths facilitate outcrossing, with twice as many pollen donors as solitary bees (Rhodes et al., 2017) . Seeds of O. harringtonii are gravity-dispersed, resulting in significant spatial genetic structure due to local topography (Rhodes et al., 2014) .
Land-use change is believed to be a major threat to species persistence. South-central and southeastern Colorado have experienced rapid urban and agricultural development (Ladyman, 2005) . All 29 known, extant populations of Oenothera harringtonii have been documented in areas with low vegetation cover that experience natural and human-induced disturbance . However, range-wide studies reveal that land-use change has had no detectible effect on pollinator visitation and reproduction in this species . We sampled 21 of the 29 extant populations spanning the geographic range of O. harringtonii and encompassing the range of human disturbance, from open rangeland to suburban residential properties ( Fig. 1A , Table 1 ).
MOLECULAR DATA
Leaf tissue was collected in 2009, 2010, and 2012 from 13 to 30 individuals per population for a total of 680 individuals. Genomic DNA was extracted from silica-preserved leaf tissue following a modified cetyltrimethyl-ammonium bromide (CTAB) method (Khasa et al., 2000) . DNA was quantified using a Nanodrop (Nano-Drop Technologies, Wilmington, Delaware, U.S.A.) and diluted to a final concentration of 50-100 mg/ml. All individuals were genotyped using 12 nuclear microsatellite markers (Skogen et al., 2012; Rhodes et al., 2014) and four plastid microsatellite makers (Lewis et al., 2016) . The nuclear microsatellite markers were fluorescently labeled (WellRed D2, D3, or D4, Sigma-Proligo, St. Louis, Missouri, U.S.A.) while the plastid samples were labeled using a two-step polymerase chain reaction (PCR) (Skogen et al., 2012; Lewis et al., 2016) . PCR products were analyzed and scored using a CEQ 8000 Genetic Analysis System version 9.0 (Beckman Coulter, Brea, California, U.S.A.).
For the nuclear microsatellites, a subset of 200 individuals was re-extracted, and alleles were called blindly by a different person to test for repeatability and to measure genotyping error. Allele calls for each locus except two had an error rate below 2%, which is unlikely to meaningfully bias data analysis (Dewoody et al., 2006) . The error rate for two loci was 3%-4%, which was mainly associated with typographical error rather than erroneous calls by the sequencer software; once obvious errors were rescored and corrected the error rate fell below the 2% threshold. For plastid markers, rare haplotypes were confirmed by reamplifying samples and repeating length determination. To confirm the identity of similar length polymorphisms across our data, as well as to verify putatively shared alleles among individuals between populations, we sequenced one representative of each unique length polymorphism for every population with Sanger sequencing in both forward and reverse directions (Sequencher v5.3, Gene Codes Corp., Ann Arbor, Michigan, U.S.A.). Sequence data were initially auto-assembled using the program, and then manually verified. This allowed us to more confidently confirm the sequence for each of the observed length variants at a site in our dataset. Additionally, this approach uncovered allelic diversity between sites that was masked in the length-polymorphism dataset.
LAND-USE CHANGE, FRAGMENTATION, AND POPULATION
SIZE METRICS
Land-use intensity was assessed using the 30-m National Land Cover Database 2011 (Jin et al., 2013; Homer et al., 2015) and was measured as the proportion of the total area characterized as Developed Low, Developed Medium, Developed High, and Developed Open Space within 1, 2.5, and 5 km of the center of each population, as described in Skogen et al. (2016) . Population isolation was measured as the distance (kilometers) between a population and the next nearest population . Habitat fragmentation metrics, total suitable area, a patch aggregation index, mean patch size, perimeter-to-area ratio, and patch cohesion for suitable habitat patches were also characterized within a 1-, 2.5-, and 5-km diameter from the center of the population as in Skogen et al. (2016) . As Oenothera harringtonii occurs in an arid habitat with unpredictable winter and spring precipitation, and population size can fluctuate widely Volume 104, Number 3 2019 Skogen et al. 497 Hawkmoth Pollination Facilitates Longdistance Table 1 ), we collected up to five years of population census data to generate an accurate measurement of median population sizes. In most cases, populations were discrete and separated either by development or large distances (. 1 km) without any plants between them. Consequently, most populations were defined as in Skogen et al. (2016) . Five populations had several distinct patches of plants within a 1-km radius (BerLow, ChalMav, FloBP, Pueblo West, and RouseMons) and were evaluated for subpopulation differences (Table 1) .
STATISTICAL ANALYSES
Genetic parameters
For the nuclear microsatellite data, the following measures of genetic diversity were calculated for each population in GenAlEx 6.5 (Peakall & Smouse, 2012) : including mean number of alleles per locus (N a ), number of private alleles (A P ), mean effective number of alleles per locus (A e ), and expected heterozygosity (H E ). Allelic richness (A R ), adjusted for sample size, was calculated in FSTAT (Goudet, 1995) . In addition, the nuclear microsatellite data were used to calculate the inbreeding coefficient (F IS ) and pairwise relatedness (R). Weir and Cockerham's (1984) estimates of Wright's F IS were calculated using GenAlEx 6.5, as was R (Lynch & Ritland, 1999) , which was calculated for all sample pairs and was used to calculate the mean within-population relatedness. In addition, we used NeEstimator v2.01 (Do et al., 2014) to estimate genetic effective population size (N e ) using the linkage-disequilibrium method. Waples and Do (2008) show that this model has good precision for microsatellite data, with limited sample size and number of markers, and for populations with relatively small effective sizes (100 to 200). For the plastid marker data, the total number of haplotypes and number of unique haplotypes were calculated for each population. Sequence data were initially auto-assembled using the program (Sequencher v5.3), and then manually verified. This allowed us to more confidently identify haplotype sequences for each of the observed length variants at a site in our dataset. This approach uncovered allelic diversity between sites that was masked in the length-polymorphism dataset.
Isolation by distance
To determine if hawkmoth pollination or seed dispersal drives low genetic differentiation within this species, we compared pairwise genetic distance (F ST ) of nuclear data to Euclidean distance. For the nuclear data, Weir and Cockerham's F ST (Weir & Cockerham, 1984) was calculated between populations using the program SPAGeDi (Hardy & Vekemans, 2002) . Although G' ST (Hedrick, 2005) and D (Jost, 2008) are thought to circumvent some statistical problems with 
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To determine if there was any evidence of isolation by distance, all pairwise genetic distances were regressed against the log of Euclidean distance (kilometers) using a Mantel test in GenAlEx. In addition, analysis of molecular variance (AMOVA) was used to partition genetic differentiation within and among populations across the range, also in GenAlEx. Structure v2.2 (Pritchard et al., 2000; Falush et al., 2007) was used to identify range-wide genetic population subdivision (number of genetic clusters, K). We carried out 20 independent runs per K using a burn-in period of 10 6 and collected data for 10 6 iterations for K 5 1 to 31 as recommended by Evanno et al. (2005) . Structure Harvester Web v0.6.94 (Earl & vonHoldt, 2012 ) was used to determine the minimum value of K that can explain the data using the rate of change in the log likelihood probability as detailed in Evanno et al. (2005) . For plastid marker data, a distance matrix was calculated for all individuals based on both nucleotide substitution and indel characters. Indels present in the dataset were coded with the program SeqState (Müller, 2005) using the modified complex coding of Müller (2006) , which allowed us to calculate transition costs from one gap-nucleotide state to another. We then tested for signatures of genetic structure within and among populations with a nested AMOVA based on the total character differences in the distance matrix using the program GenAlEx 6.5 with the "haploid" setting. As plastid markers are maternally inherited, we compared isolation by distance for both nuclear and plastid markers to determine the relative contribution of pollen versus seed dispersal.
Land-use change, fragmentation, and population size metrics
All landscape metrics were tested for normality, and were log transformed to correct for skewness. All analyses were conducted in R 3.5.3 (R Core Team, 2019). The panel.cor and cor.test functions were used to identify landscape metrics that were highly correlated. Once any independent landscape metrics were identified, general linear models were used to assess their relationships with genetic diversity parameters (N a , H E , A P , % A, and A R ), inbreeding (F IS and R), and genetic differentiation (IBD). The stepAIC function within the MASS package (Venables & Ripley, 2002) was used to choose the best fit model by Akaike information criterion (AIC) in a stepwise algorithm using a backward elimination general-linear model and correlation tests.
The best model was then tested against the null model (no relationship) using ANOVA. For significant models, the relative importance of each variable in model was tested using the relaimpo package (Grömping, 2006) in R, which uses averaging sequential sum of squares to order significant variables in linear model.
RESULTS
GENETIC PARAMETERS
The nuclear and plastid microsatellite markers revealed substantial genetic diversity within Oenothera harringtonii (Table 2) for a narrow endemic. There was large variation by population for all parameters assessed, including mean number of alleles per locus (N a , range 5.8-11.8), number of private alleles (A P , 0-6), allelic richness (A R , 4.7-6.7), mean effective number of alleles per locus (A e , 3.8-6.8), and expected heterozygosity (H E , 0.66-0.81). Similarly, the four plastid microsatellites identified 22 haplotypes range wide (Table 2) , although nearly half the populations (N 5 12) were comprised of a single haplotype, and nearly half (N 5 13) possessed unique haplotypes not found in any other population.
Across the range, the inbreeding coefficient ranged from very low (F IS 5 0.01) to moderately high (F IS 5 0.16), especially considering Oenothera harringtonii is a self-incompatible species ; Table 2 ). Similarly, all populations showed a highly significant (P , 0.001) mean relatedness ( R) between all individuals when compared across the full dataset; the one exception was Military Service Road, which was less significant (P , 0.01). Interestingly, there was weak to no correlation between relatedness and inbreeding coefficient (r 5 0.16). The effective population sizes calculated using the linkage-disequilibrium method (Do et al., 2014) were within the range of recorded census sizes for each population (Table 2) . For this reason, it was not surprising that genetic effective population size (N e est) showed a positive correlation (r 5 0.54) with census size. As predicted by Waples and Do (2008) , the accuracy was best for smaller populations and when there were more than two years of census data. For two populations (David's Canyon and Military Service Road), the variation was larger than the actual estimate of N e , which is interpreted as very large N e (Waples & Do, 2008) . This is consistent with the census data as these two populations were some of the largest documented for the species.
For the five populations comprised of multiple subpopulations (Berlow, ChalMav, FloBP, Pueblo West, and RouseMons), differences in genetic indices between subpopulations were substantial, and thus were preserved as independent units. As this created an imbalance in sample size for some populations, we F IS , inbreeding coefficient (Weir & Cockerham, 1984) ; R, average pairwise relatedness (Lynch & Ritland, 1999) ; N e est, effective population size, calculated using the linkage-disequilibrium method (Waples & Do, 2008) ; F ST, average pairwise genetic distance; IBD, average isolation by distance.
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Annals of the Missouri Botanical Garden tested for correlations between sample size and genetic indices. Most of the indices showed only a weak correlation with sample size (r , 0.41), with the exception of number of alleles (N a , r 5 0.72), allelic richness (A R , r 5 0.56), and effective number of alleles (A e , r 5 0.56). However, samples size was not correlated with any landscape metrics except median census size.
ISOLATION BY DISTANCE
The genetic distance between most population pairs ranged from very low (F ST 5 0.01) to moderately low (F ST 5 0.12), although one population pair showed higher genetic distance than the rest (Burnt Mill Road-Riverside, F ST 5 0.16). A mantel test revealed a weak but positive isolation by distance that was detected when we compared pairwise genetic distance to geographic distance (r 2 5 0.16). The weak relationship was associated with a large range of pairwise genetic distances over small geographic distances (Fig. 2 , Appendix 1). The low genetic differentiation in the nuclear microsatellite data was supported by the Bayesian analysis in Structure 2.2 where an optimal K value of 2 or less was identified as the best fit of data in Structure Harvester (Fig. 1) . When all populations were compared at K 5 2, both genetic clusters were found in all individuals; however, there was a clinal shift in percent assignment to a cluster from north to south. This weak cline supports the observed isolation by distance showing weak correlation. The AMOVA also supported the observed low differentiation, with high genetic variation found within populations (96%) and a very low percentage (4%) of genetic diversity in the species due to differences between populations. By contrast, the plastid microsatellite markers revealed strong genetic separation between populations. Across 674 of the 680 individuals, 21 haplotypes were detected consisting of variation in both single nucleotide polymorphisms (SNPs) and indels. A total of 20 of the 21 populations had only a single haplotype present, and of those, six populations (Baculite, BerLow-Berwind, BerLow-Ludlow, Bravo, Burnt Mill Road, and Cocklebur Creek) had haplotypes that were unique in the dataset. An AMOVA of chloroplast DNA (cpDNA) genetic diversity found most of the variation (96%) was between populations.
LAND-USE CHANGE AND FRAGMENTATION METRICS
Not surprisingly, there were few differences between the landscape metrics when moving from 1-km to 2.5km and 5-km radii, and many were highly correlated (r 2 . 0.7). Therefore, we restricted our analysis to four metrics that showed the lowest correlation to each other (r 2 , 0.4). These included total development and patch aggregation index within a 2.5-km radius, population isolation, and median census size. Respectively, these metrics cover area of habitat loss, habitat distribution, isolation, and population size. Using these four metrics we found that all but isolation explained genetic diversity to varying degrees. Expected heterozygosity (H E ) was best explained by total development (F 5 6.69, P 5 0.016), while allelic richness (A R ) was best explained by both total development and aggregation index (F 5 8.71, P 5 0.001). Meanwhile, number of alleles (N a ) and effective number of alleles (A e ) were best explained by median census size, total development, and aggregation index (F 5 5.37, P 5 0.006 and F 5 6.90, P 5 0.002, respectively). Because the number of alleles, allelic richness, and effective number of alleles were correlated with sample size, it is difficult to be certain if this result is an artifact of sampling or driven by landscape metrics, especially median census size, which was also correlated with sample size (r 5 0.54). However, the genetic effective population size (N e ) in these four populations was also best explained by median census size, total development, and aggregation index (F 5 6.20, P 5 0.003), suggesting that these factors play important roles in limiting population size.
Despite high levels of gene flow, the factor that best explained estimates of the inbreeding coefficient (F IS ) was isolation (F 5 8.97, P 5 0.006), the distance from the center of the focal population to that of the closest adjacent population. This was the only genetic parameter for which isolation was an explanatory variable. This suggests isolation is a better indicator of potential inbreeding than population size. By contrast, mean relatedness ( R) was best explained by median population size and degree of aggregation, while pairwise isolation by distance was best explained by median census size only, although both models showed weak statistical significance (F 5 5.10, P 5 0.03 and F 5 2.50, P 5 0.13, respectively).
DISCUSSION
Our nuclear genetic data support the hypothesis that pollen dispersal by hawkmoths drives high gene flow and low population differentiation, despite a range-wide gradient of land-use change and habitat fragmentation. By separating the contributions of pollen and seed dispersal to gene flow, we show that most of the genetic parameters are driven by hawkmoth-facilitated, longdistance pollen dispersal Rhodes et al., 2017) and that there is limited spatial genetic structure resulting from gravity-dispersed seeds (Rhodes et al., 2014) . Despite low population differentiation and high visitation rates , we did observe lower diversity, increased relatedness, and inbreeding in populations with higher isolation, and those that have experienced moderate to high levels of land-use change.
Volume 104, Number 3 2019 Skogen et al. 503 Hawkmoth Pollination Facilitates Longdistance This study is one of a few to investigate the impact of landuse change and habitat fragmentation on hawkmothpollinated plants (Finger et al., 2014) , and one of the first on a short-lived species, where short generation times provide increased sensitivity in detecting changes in the distribution and abundance of genetic diversity across the range of a species. Genetic tools allow us to identify impacts that are not observable using other metrics, namely pollinator observations, as prior work in this system showed that reproduction was not impacted by land-use change .
Pollination limitation has been cited as the proximate cause of reproductive failure resulting from land-use change and habitat fragmentation (Young et al., 1996; Aguilar et al., 2006; Vanbergen & The Insect Pollinators Initiative, 2013) . Pollinators that move long distances can serve as agents of selection on traits important to pollinator attraction and fidelity (Gómez & Zamora, 2000; Totland, 2001; Boyd, 2004; Rey et al., 2006) while simultaneously constraining adaptive divergence of populations through gene flow, reducing differences among populations (inbreeding, population differentiation, maintaining genetic diversity; Haldane, 1948; Ehrlich & Raven, 1969; Slatkin, 1985; Lenormand, 2002) . In this system, hawkmoths are uniquely reliable pollinators in space and time and contribute to extensive long-distance pollen dispersal (low F ST ), resulting in negligible population differentiation (Aguilar et al., 2019) . In addition, we identified high levels of genetic diversity (nuclear and plastid) among populations of Oenothera harringtonii, a narrow endemic. This is in contrast to the lower genetic diversity documented in many species with restricted geographic distributions (endemics) when compared to their more widespread congeners (Hamrick & Godt, 1996; Nybom, 2004; Piñeiro et al., 2009 ; though see Gitzendanner & Soltis, 2000; Cole, 2003) . Furthermore, while many annual plant species have lower outcrossing rates than longer-lived species (Vogler & Kalisz, 2001; Charlesworth, 2006) , we observed high outcrossing rates in this study.
In contrast to the pattern of genetic diversity revealed by nuclear markers, plastid markers showed limited gene flow via seed dispersal, which is consistent with expectations for species with gravity-dispersed seeds (Hamilton & Miller, 2002; Dyer, 2007; Cánovas et al., 2015) . The discrepancy we observe between pollen and seed dispersal has been documented in other taxa that experience long-distance pollen dispersal and limited seed dispersal (Grivet et al., 2009; Jordano, 2010; Finger et al., 2014) . The seed bank of annual plant species can introduce complications for interpreting genetic diversity and structure, similar to those of perennial or long-lived species. Seeds of Oenothera harringtonii can survive in the seed bank for up to 10 years (pers. obs.) and possibly longer. Thus, the seed bank represents another mode for the influx of new genotypes, as individuals that make up a population in any one year are the result of seeds formed in years with different pollination environments and mating Figure 2 . Limited isolation by distance (r 2 5 0.16) was detected using a comparison of genetic distance (F ST ) and geographic distance (log (kilometers)).
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Isolating the roles of both pollen and seed dispersal in facilitating or limiting gene flow is rarely assessed in concert. However, the dispersal of pollen and seed, often through different vectors, may be impacted by land-use change and fragmentation in different ways (Aguilar et al., 2008 (Aguilar et al., , 2019 Jordano, 2010) . Many studies draw conclusions about the dispersal agent by using indirect evidence associated with natural history characteristics. For example, extremely long-distance gene flow (22 km) in heart of palm trees (Euterpe edulis Mart., Arecaceae) was attributed to seed rather than pollen dispersal due to the short foraging distances (50-100 m) of the primary pollinator, the small bee Trigona spinipes (Fabricius) and the fact that nearly 22 bird species were considered potential seed dispersers (Gaiotto, 2003) . The inclusion of data and/or vectors that contribute to pollen and seed dispersal can provide insight into the roles each plays in the distribution of genetic diversity and how each component may be impacted by anthropogenic threats, especially when different vectors are involved. In addition to being highly reliable pollinators, in this system, hawkmoth visitation rates are no different in populations with little to no land-use change than those with moderate to high . Combined with our genetic data, this suggests that the negative consequences of land-use change on hawkmoths (Hyles lineata in particular) have not altered their abundance or behavior in ways that impact their visitation rates to Oenothera harringtonii flowers, nor the import of pollen from outside populations, but this remains to be tested.
While some studies have shown that nocturnal pollinators can be relatively ineffective at moving pollen between isolated subpopulations (Barthelmess et al., 2006) , our results document the opposite and are consistent with what has been observed in the limited assessments of genetic diversity in hawkmothpollinated taxa. In a detailed within-population study of Oenothera harringtonii, hawkmoth pollination resulted in higher outcrossing rates via the transfer of twice as many realized mates (pollen donors) as did solitary bee visits (Rhodes et al., 2017) . Similarly, a comparison of two closely related Oenothera L. species found that the hawkmoth-pollinated species (O. hartwegii Benth. subsp. filifolia (Eastw.) W. L. Wagner & Hoch) experienced higher outcrossing rates, more gene flow, and less population differentiation at both local (subpopulation) and regional scales than did the beepollinated species (O. gayleana B. L. Turner & M. J. Moore; Lewis, 2015) . Lastly, in the only other published study investigating the role of hawkmoth pollination in a fragmented landscape, Finger et al. (2014) found that long-distance pollen dispersal by hawkmoths was common and extensive in Glionnetia sericea (Baker) Tirveng (Rubiaceae), a tree species endemic to the Seychelles islands. Importantly, the F ST values reported here are more consistent with those of wind- (Govindaraju, 1988; Franks et al., 2004; Buschbom et al., 2011; Robledo-Arnuncio, 2011 ) and hawkmothpollinated taxa (Herrera & Bazaga, 2008; Brunet et al., 2012; Finger et al., 2014) than those pollinated by insects, or even longer distance-dispersing bats and birds (Nassar et al., 2001 (Nassar et al., , 2003 Hughes et al., 2007; Kramer et al., 2011) .
While hawkmoths have been documented to travel over great distances (400 m to 32 km; Stockhouse, 1973; Linhart & Mendenhall, 1977; Bawa, 1990) , few studies have investigated the genetic consequences of this longdistance dispersal for plant species (Finger et al., 2014; Lewis, 2015) . Despite high levels of gene flow, we documented higher levels of relatedness and inbreeding (here, biparental inbreeding as Oenothera harringtonii is self-incompatible, while crosses between siblings are fertile; Skogen et al., 2016) in more isolated populations. The increase in inbreeding may be attributed to a number of factors, including gravity-dispersed seeds (plastid data showing population differentiation presented here), lower mate (pollen) diversity under bee pollination (Rhodes et al., 2017) , and resulting spatial genetic structure (Rhodes et al., 2014) . In addition, hawkmoths commonly visit many flowers on the same plant and many plants in a population, causing further increases in local gene flow. Combined with spatial genetic structure, the incidence of biparental inbreeding within patches of plants and in smaller populations may be high. This may be exacerbated in years with extremely low population sizes where mating events occur between a few parents, increasing the likelihood that offspring are closely related.
We also detected lower genetic diversity and smaller effective population sizes in populations surrounded by greater development and lower median census sizes. It is likely that this drop in genetic diversity is associated with drift due to smaller population sizes. In this species, we have recorded large fluctuations in population sizes, with some showing a 100-fold increase between years. However, in many fragmented populations there is limited spatial capacity to support the occasional larger population. In combination, smaller population sizes and restricted potential for occasional population expansions will increase the likelihood of genetic bottlenecks, further reducing genetic diversity. In our data, this is supported by the smaller effective population size observed in populations with more landuse change, suggesting that these populations either contain fewer individuals over time and/or comparatively fewer mating events. In these populations, it is Volume 104, Number 3 2019 Skogen et al.
505 Hawkmoth Pollination Facilitates Longdistance possible that long-distance pollen import may not be enough to overcome the genetic consequences of limited population sizes. We were able to detect this difference in genetic diversity and effective population sizes because Oenothera harringtonii is an annual species and sufficient time has passed for isolation to occur, which can be masked in longer-lived species . Other factors may be at play, including bottlenecks due to dramatic fluctuations in population sizes between years, founder events, and/or small effective population sizes.
Our results suggest that the pollination mechanism and pollinator biology play an important role in maintaining connectivity in the face of changing landscapes and environments but cannot overcome consequences of small population sizes. Notably, the negative impacts of land-use change may take longer to manifest in species that experience long-distance dispersal, such as those pollinated by long-distance dispersing pollinators. However, if future conditions change in ways that impact vectors of long-distance dispersal, the import of pollen from outside populations may not be enough to overcome challenges associated with changes to pollinator identity and behavior, changes in mating patterns due to increased isolation, reductions in population size, and spatial genetic structure. Such challenges could lead to inbreeding depression and threaten population persistence (Kremen et al., 2007; Aizen et al., 2012; Breed et al., 2012; Aguilar et al., 2019) .
Together, these data document that hawkmoths, known to pollinate species in over 75 plant families (Grant, 1983 (Grant, , 1985 Fox et al., 2014; Macgregor et al., 2014) , are an important yet understudied pollinator functional group that can make major contributions to long-distance dispersal. Our work provides important context for understanding the nuances of how anthropogenic change may or may not impact plant mating dynamics and therefore the ability of populations and species to persist into the future. Additionally, our work suggests that sphingophilous plant species may be buffered from some of the negative impacts of land-use change and habitat fragmentation.
Conservation efforts should target pollinators and the resources they need to support various life history stages (Kremen et al., 2007; Kovács-Hostyánszki et al., 2017) . In particular, hawkmoth and other lepidopteran pollinators commonly have different needs for larval and adult phases, and efforts to support them will include restoring native plant communities and reducing the use of pesticides and herbicides Macgregor et al., 2014) . For nocturnal pollinators including moths, reductions in light pollution may reduce increases in mortality (Frick & Tallamy, 1996) , predation (Svensson & Rydell, 1998; Acharya & Fenton, 1999; Frank, 2006) , and altered behaviors (Pfrimmer, 1955; Nemec, 1969; Sower et al., 1970; Brown, 1984) that result from moths being attracted to artificial lights. Without such efforts, plant mating patterns may be altered by land-use change in ways that reduce fitness and the ability of populations to be resilient to anthropogenic change (Knop et al., 2017; Hopkins et al., 2018) . In addition, more explicit approaches focused on realized mating events (parentage assessments, etc.) may provide more direct assessments Rhodes et al., 2017) relevant to isolating the relative contributions of pollen and seed dispersal to gene flow, allowing for a better understanding of how mating dynamics are negatively impacted. In addition, we still know little of the impact that anthropogenic change can have on pollinators and seed dispersers, especially for insect taxa whose population sizes fluctuate under natural/undisrupted conditions. An underlying assumption of our work is that hawkmoths travel great distances and that they are not negatively impacted by land-use change. Future work on the distribution and abundance of hawkmoths using field-collected data, molecular markers, and/or isotopic signatures would allow for a test of this hypothesis. 
